ABSTRACT Zinc gallate (ZnGaO) epilayers were grown on a c-plane sapphire substrate by metalorganic chemical vapor deposition and fabricated into metal-oxide-semiconductor field-effect transistors (MOSFETs). The ZnGaO MOSFETs exhibited a complete channel pinch-off of the drain current for V GS < −4.43 V, high off-state breakdown voltage of 378 V, high I ON /I OFF ratio of 10 6 , and low gate leakage current.
I. INTRODUCTION
Wide-band gap oxides have attracted interests as new materials and possess unique properties for application in next-generation semiconductor power devices and deep ultra-violet (UV) detectors [1] , [2] . Among these oxides, ZnGa 2 O 4 has been paid great attention as a transparent conducting oxide in the UV region due to its high chemical stability and outstanding optical properties [3] - [5] . The material ZnGa 2 O 4 consists of ZnO and Ga 2 O 3 , which crystallizes in the spinel structure and has an energy gap of about 5.2 eV [6] . In previous report, ZnGa 2 O 4 is a phosphor and is a promising application in field emission displays operating at low accelerating voltage [7] . Up to now, most of the reports are relative to the synthesis of ZnGa 2 O 4 nanostructures with different morphologies, such as nanowires, nanorods and nanocrystal [8] - [10] . The corresponding electronic transport and optical properties of the ZnGa 2 O 4 nanostructure were also studied [11] . However, there are still very few works to investigate the film and epilayer properties of ZnGa 2 O 4 . In addition, as far as we know, no relevant research about MOSFET based on ZnGa 2 O 4 epilayer has been reported yet. In this work, the material qualities of zinc gallate (ZnGaO; ZGO) were described. Moreover, MOSFETs made of ZGO epilayers grown on c-plane sapphire by MOCVD were also studied. The device performances indicated that the ZGO MOSFET has potential for application in transparent power electronic devices.
II. DEVICE STRUCTURE AND FABRICATION
ZGO MOSFETs were fabricated using 200-nm-thick singlecrystal ZGO epilayers grown on c-plane (0001) sapphire substrates at 600 • C by metalorganic chemical vapor deposition. Diethylzinc (DEZn) and triethylgallium (TEGa) were employed as the Zn and Ga precursors, respectively. Ar (99.999 %) and purified oxygen (99.999 %) were adopted as carrier gases and oxidizer, respectively. During the growth of GZO thin films, Ar passed through the bubblers to deliver the DEZn and TEGa vapors to the reactor. After growth, the intrinsic ZGO is a n-type epilayer confirmed by Hall measurement. In order to demonstrate the film was ternary epilayer, the x-ray diffractemery was used to measure the crystal structure. The electrical mobility, resistivity, and electron concentration of ZGO used for the MOSFET study were 2.2 cm 2 /V.s, 47.5 .cm, and 5.9× 10 16 cm −3 , respectively, and were obtained through Hall measurement at room temperature (RT). The process commenced with mesa isolation by e-beam evaporation. The lengths of the device channel, gate, and the access region were 20 μm, L G = 3 μm, and L GS = L GD = 8.5 μm, respectively. The current-voltage (I-V) characteristics of these samples were measured using an Agilent 1505B parameter analyzer at RT. In order to evaluate the crystal structure of the ZGO epilayer, the X-ray diffraction (XRD, PANalytical, Cu Kα radiation) was used to measure the crystalline quality. Microstructure of the ZGO film was investigated by transmission electron microscopy (TEM). is displayed in Fig. 2(b) . Based on our observation, the most lattice features shown in Fig. 2(b) 
III. RESULTS AND DISCUSSION
Obviously, the TEM observations are in well agreement with the XRD result, as shown in Fig. 1 . In other words, the main crystal structure formed in the ZGO film is the ZnGa 2 O 4 phase with the (111)-family planes. Besides, a small portion of Ga 2 O 3 (-402) phase existed in the ZGO film also can be confirmed by TEM. Fig. 2(c) shows the selected area electron diffraction pattern of the ZnGa 2 O 4 region shown in Fig. 2 In order to demonstrate the epilayer has become the ZGO film, the energy gap of ZGO was evaluated by cathodeluminescence (CL) measurement. Fig. 3 shows CL spectrum of ZGO film at RT. The spectrum consists of two ultraviolet (UV) luminescence emission bands at the wavelength peaks position of 330 nm (3.75 eV; E CL1 ) and 242 nm (5.12 eV), respectively. In the visible region, there exists a weak intensity at peak of 500 nm (2.48 eV; E CL2 ). The weaker CL intensity at peak 242 nm could be due to the conduction band to the valence band transition of ZGO. Theoretically, the E g of ZnGa 2 O 4 is about 5.2 eV. In this work, the ZGO is not a perfect ZnGa 2 O 4 . Nevertheless, it has demonstrated again that the epilayer is the ZGO and not Zn-dopant Ga 2 O 3 . On the other hand, a strong UV emission band (330 nm) could be attributed to the radiative carriers transition from the donor level (E d ) to the valence band. Although the ZGO is the dominated structure, there exists a few part of β-Ga 2 O 3 (demonstrated by XRD and TEM, shown in Figs. 1 and 2) . Obviously, suppress of intrinsic green emission band centered at around 500 nm which is induced by donor-acceptor-pair transition in β-Ga 2 O 3 through Zn-incorporation, and further contribution on the UV emission band was obtained. Based on above analysis, the E d was estimated to be approximately about 1.37 eV by a formula E d = E g − E CL1 , which is consists with previous reported by Varley et al. [12] . An acceptor level (E a ) for the Zn Ga was calculated to be 1.27 eV, (E a = E CL1 − E CL2 ). Schematic diagram of the energy levels in the ZGO film is also illustration in the inset of Fig. 3 . Fig. 4 shows the DC output I-V (I DS -V DS ) characteristics of ZGO MOSFET at gate voltage (V GS ) from -5 to 15 V in steps of 2 V, while the V DS was swept from 0 to 40 V at RT. The device exhibited a clear pinch-off behavior and maximum I DS of 0.135 mA/mm at V GS = +15 V. In addition, the transistor shows favorable gate-modulation performance with I d saturation, whereas the channel mobility and subthreshold slope of ZGO MOSFET were calculated about 2.46 cm 2 /V.s and 40 mV/decade, respectively. Moreover, the insert plot in Fig. 4 shows the linear I-V characteristic of Ti/Al/Ti/Au on ZGO without thermal annealing. Obtaining ohmic contacts was thus easy in this study because Ti metal layer can be ohmic contact with the ZGO. Similar reports on the ohmic contact through Ti/Al/Ti/Au multiple metals were found by Wang et al. [13] . Fig. 5 shows the transfer characteristics at a V DS of 13 V. The threshold voltage on ZGO MOSFET was -4.43 V, which suggests that the device presented the depletion mode characteristic. Clearly, the ZGO was n-type and could enhance the conductivity through formation oxygen vacancy due to Zn atom compensation effect [14] . However, it is necessary to attract more electrons by applying 114 VOLUME 5, NO. 2, MARCH 2017 positive voltage on gate electrode to switch the transistor on. The peak intrinsic maximum transconductance (gm) was 9.46×10 −3 mS/mm at a V DS of 13 V, which could be attributed to the both of substitutional defects (from Zn-incorporated into β-Ga 2 O 3 ) and the lattice mismatch between the sapphire substrate and ZGO film. These defects resulted in the reduction of electron density and mobility in the ZGO film. Moreover, the carriers' scattering effect, attributable to defects and impurities, reduced the mobility of the ZGO MOSFET. These results are consistent with those of Dang et al. [15] . The three-terminal breakdown behavior of the ZGO MOSFET device was evaluated and is shown in Fig. 6 (a) . The breakdown voltage could be attributed to the leakage current through the Al 2 O 3 layer or ZGO epilayer breakdown. However, a low gate leakage current was less than 1.45 × 10 −5 mA/mm (data not shown) from the ZGO film device. Therefore, the breakdown voltage was as high as 378 V at V GS of 0 V, indicating that ZGO MOSFET with Zn-incorporated exhibits enhanced off-state breakdown voltage. Nevertheless, the measured reverse gate leakage is low enough for device application. Fig. 6 (b) presents the I DS -V GS curve of ZGO MOSFET at a V DS of 13 V. The low off-state leakage current (10 −7 mA/mm) through the ZGO film was a result of the Al 2 O 3 gate dielectric. At a V DS of 13 V, I DS on/off ratio of approximately six orders of magnitude were achieved.
IV. CONCLUSION
We have fabricated ZGO MOSFET on a c-plane sapphire substrate and obtained improved device characteristics, such as a high I ON /I OFF drain current ratio of six orders of magnitude, clear pinch-off behavior, and breakdown voltage of 378 V. Moreover, we have demonstrated the strong potential of the cost-effective growth of ZGO-on-sapphire for application in future transparent electronic power devices.
